Based on the rate equation set for broadband cavities, the dependence of pulse duration on cavity and pumping parameters is analyzed. The cavity uses a Ce-doped crystal as a gain medium. Computation results show the variation of the pulse width with the change of cavity length, mirror reflectivity, pumping energy and pumping pulse duration. A significant influence of multiple-pulse operation in limiting pulse duration is realized and a pulse-width of the order 200 ps is found to be the limit for the direct generation of ultraviolet single picosecond pulses from a Ce:LLF short cavity.
the lack of CW pumping laser, low-Q and short cavity is a dominant technique for the generation of picosecond UV laser pulses from Ce doped media [2 -6] . At present, the shortest UV pulse that has been generated directly from a cavity that uses the Ce-doped media as a gain medium is about 600 ps [3, 4] . In this paper, the dependence of pulse duration on cavity and pumping parameters will be analyzed using the rate equation model. A significant influence of multiple-pulse operation in limiting pulse duration is realized and a pulse-width of the order 200 ps is found to be the limit for the direct generation of ultraviolet single picosecond pulses from a Ce 3+ :LiLuF 4 (Ce:LLF) short cavity.
The laser cavity constitutes of a cylindrical Ce-doped crystal rod bounded at both ends by mirrors with reflectivities of R 1 and R 2 . This cavity is pumped transversally by another laser. The pumping beam is focused by a cylindrical lens into a line width of ~0.1 mm on a side of the crystal rod. The model used for the Ce-doped media is the two-level system with populations N 0 (lower level) and N 1 (upper level). Assuming that the total concentration of Ce ion is constant, the population inversion and laser intensity can be described by the following rate equation system [13] :
where I i is the laser intensity at wavelength  i ; I p is the pumping intensity;  is the fluorescence lifetime;  i is the round-trip loss at  i ; A i is the constant that simulates the spontaneous emission;  ai and  ei are the absorption and stimulated emission cross sections at  i , respectively;  ap is the absorption cross section at pumping wavelength;
is the round-trip cavity time. Here, l is the crystal length, L is the cavity length, n is the index of refraction and c is the light velocity.
The above system of rate equations can be extended to an arbitrary number of wavelengths so that they cover all of the possible emission spectra. The shape of the pumping pulse is assumed to be a smooth Gaussian. The following results are obtained by solving the above rate equations for the cavity which uses Ce:LLF as gain medium (concentration of 3  10 17 ions/cm 3 ) and KrF laser (wavelength 248 nm) as pumping sourse. The spectroscopic data for the medium mentioned are taken from Refs. [1, 2, 4, 9, 14] .
It is well known that in pulsed laser operation, the span of the laser pulse is determined by the population inversion, which in turn, depends on the pumping level, spontaneous decay, stimulated emission, rate of build-up and decay of photons in the cavity due to the stimulated emission and various loss mechanisms. The accumulation of the excited-state well above threshold population is necessary for lasing. At the laser onset, the population inversion drops below threshold and the laser stops. After this, the population can again be built-up causing a sufficiently large inversion and thereby leading to the recommencement of laser action. Figure 1 shows the computation results of a laser emission from a 1.5 cm long cavity with a Ce:LLF crystal of the same length and using two mirrors with 70% and 5% reflectivities. The cavity is pumped by a pulse with a 10 ns duration (FWHM). Obviously, a single picosecond pulse (270 ps at FWHM) can be produced (Fig. 1a) at a pumping energy of 40 mJ. As the pumping energy is increased, the cavity gradually enters multiple pulse operation in which the laser output takes the form of multi-pulse due to the spiking phenomenon (Fig. 1b) . This result agrees with the experimental observation in Refs. [2, 4] . Thus, the generation of single picosecond pulses from Ce:LLF cavity is highly possible provided that the cavity and the pumping parameters are suitably selected. The duration of the first spike is determined by the time interval between the maximum and the first minimum points in the population curve. In other words, the pulse-width is determined by the rate of the drop in the population inversion during the laser onset and the span of such a drop are both affected by the cavity and the pumping parameters. In the rest of this paper, the discussion is confined to the single pulse operation of the cavity. The variation of output pulse-width vs. cavity length is presented on Fig. 2 . These results are obtained from a cavity with mirrors of 70 and 5% reflectivities, and pumped by 10 ns (FWHM), 40 mJ pulses from a KrF laser. As seen in this figure, the output pulses become shorter and shorter with a decreasing cavity length. In addition, the rate of decrease in pulse duration is different at various crystal lengths and its slope increases with a shorter crystal length. The shortest pulse of 270 ps can be obtained from a cavity of 1.5 cm long and a crystal of the same length. At a given cavity length, as the crystal length increases the output duration decreases. Figure 3 shows the output duration variation vs. mirror reflectivity. This result is obtained with a cavity length L = l = 1.5 cm and a pumping energy of 40 mJ. As seen here, with a given mirror of reflectivity R 1 , the output duration reduces with increasing reflectivity R 2 of the other mirror. Strictly speaking, the output duration does not depend separately on either mirrors of the cavity. Then again, the output duration depends on both mirrors as a whole. Particularly, it depends on product of R 1 R 2 . This is typical because the product R 1 R 2 is one of the factors that determine the Q parameter of the cavity. Accordingly, the output pulse-width decreases with increasing Q of the cavity. Obviously, the shortest possible pulse is always limited by the multiple pulse operation of the cavity. However, it should be noted here that this rule is only true in a limited region of reflectivity in which the single pulse operation of the cavity is sustained.
Fig. 3: Plot of output duration vs. mirror reflectivity. The cavity is 1.5 cm long with a crystal of the same length and pumped by 10 ns, 40 mJ pulses. The region above the dash-dot line corresponds to the single pulse operation while the region below the line denotes the multiple-pulse operation
The above results can be understood by considering the difference between the maximum population inversion and the lasing threshold. With a given crystal length and pumping energy, a shorter cavity length and/or higher mirror reflectivity resulted in lower lasing threshold. Whereas, the maximum accumulated population of the upper laser level depends only on the crystal length and the pumping energy, which in this case are kept constant. Consequently, an increase in the difference between population inversion maximum and lasing threshold leads to higher drop rate in population inversion when the laser starts. As a result, the output pulse shortens with decreasing cavity length and/or increasing mirror reflectivity.
We did the computation for the Ce:LLF laser using the values R 1 = 70%, R 2 = 5%, L = l = 1.5 cm with different durations of the pumping pulse. The results are shown in Fig. 4 . As seen in this figure, with a given pumping energy, the output pulse-width decreases and eventually approaches to a constant value as the pumping pulse duration is decreased. Additionally, this constant value is dependent on the pumping energy since it goes to a lower value at higher pumping energies. Obviously, there exists an ultimate duration for the output pulse wherein much shorter output pulses would be unattainable by simply using pumping pulses of less than a few nanoseconds in duration. This numerical evaluation agrees rather well with the experimental observation in Ref. [9] . Since very short pulses are used for pumping, the cavity cannot follow the pumping intensity thereby creating a lag of output pulses with respect to the pumping pulse. At the same pumping energy, as the pump pulse duration becomes shorter; the accumulation in the excited-state becomes faster and leads to a higher population N 1 at the moment of laser onset. So, in the case of pumping by short pulse, a strong first spike can be obtained. After that, it is difficult to build up again the excited-state needed for the population inversion. However, if it is pumped by a sufficiently short pulse, the output pulse duration reaches the constant value due to the "saturation" of the dynamic response capability of the cavity. As mentioned above, the pumping energy affects strongly the time profile of the output pulse. This effect is detailed in Fig. 5 using the computation results for a cavity of L = l = 1.5 cm, R 1 = 70%, R 2 = 5% and various pumping energies. As we can see, the output pulse-width is decreased with the increasing pumping energy. Nevertheless, at high pumping levels, the cavity may work in the multiple-pulse regime. This result can be ascribed to the larger number of excited ions at a higher pumping energy and a repopulating capability of the excited state after the first emission.
Based on the above analyses, it seems that the use of a very short cavity with a appropriate pump energy and duration can generate single ultrashort pulses. But in that case, it is necessary to use a gain medium with a very high concentration of activated ions. This requirement is very difficult to satisfy and the feasibility of fabricating such gain medium is rather remote since it may lead to various problems in the crystal growth. Consequently, in the case of the Ce-doped crystal laser, the concentration of activated ions is a limiting factor of the pulse duration.
In conclusion, the analyses detailed here demonstrate that UV single picosecond laser pulses can be directly generated from a Ce:LLF short cavity. Due to their influences, a suitable selection of cavity and pumping parameters is a critical task that will determine how short a pulse can be generated. In order to attain the shortest possible single picosecond pulses, cavity and pumping parameters should be carefully selected so that multiple pulse operation would be eliminated.
The computation results obtained here can provide an effective guide principle for scaling Ce:doped UV short-pulse laser oscillators. In addition, as demonstrated earlier by the numerical evaluations, the duration of output single pulses from a Ce:LLF short cavity is limited at around 200 ps.
